In conscious mammals, hypoxia or hypercapnia stimulates breathing while theoretically exerting opposite effects on central respiratory chemoreceptors (CRCs). We tested this theory by examining how hypoxia and hypercapnia change the activity of the retrotrapezoid nucleus (RTN), a putative CRC and chemoreflex integrator. Archaerhodopsin-(Arch)-transduced RTN neurons were reversibly silenced by light in anesthetized rats. We bilaterally transduced RTN and nearby C1 neurons with Arch (PRSx8-ArchT-EYFP-LVV) and measured the cardiorespiratory consequences of Arch activation (10 s) in conscious rats during normoxia, hypoxia, or hyperoxia. RTN photoinhibition reduced breathing equally during non-REM sleep and quiet wake. Compared with normoxia, the breathing frequency reduction (⌬f R ) was larger in hyperoxia (65% FiO 2 ), smaller in 15% FiO 2 , and absent in 12% FiO 2 . Tidal volume changes (⌬V T ) followed the same trend. The effect of hypoxia on ⌬f R was not arousal-dependent but was reversed by reacidifying the blood (acetazolamide; 3% FiCO 2 ). ⌬f R was highly correlated with arterial pH up to arterial pH (pHa) 7.5 with no frequency inhibition occurring above pHa 7.53. Blood pressure was minimally reduced suggesting that C1 neurons were very modestly inhibited. In conclusion, RTN neurons regulate eupneic breathing about equally during both sleep and wake. RTN neurons are the first putative CRCs demonstrably silenced by hypocapnic hypoxia in conscious mammals. RTN neurons are silent above pHa 7.5 and increasingly active below this value. During hyperoxia, RTN activation maintains breathing despite the inactivity of the carotid bodies. Finally, during hypocapnic hypoxia, carotid body stimulation increases breathing frequency via pathways that bypass RTN.
Introduction
Feedback regulation of breathing by CO 2 and O 2 operates via the carotid bodies (CBs), which respond to hypoxia in an aciddependent manner and via central respiratory chemoreceptors (CRCs) that detect brain PCO 2 /pH (Takakura et al., 2006; Huckstepp and Dale, 2011; Kumar and Prabhakar, 2012) . Usually, CBs and CRCs work in concert to either stimulate or inhibit breathing because arterial PO 2 and brain PCO 2 vary in opposite directions when lung ventilation changes. In a hypoxic environment, however, the CBs are selectively activated and the resulting hyperventilation causes respiratory alkalosis and CRCs are thought to be inhibited (Gesell et al., 1940) . In reality, however, no CRC candidate (e.g., astrocytes, retrotrapezoid nucleus [RTN] , serotonergic, orexinergic, and/or locus ceruleus neurons) has ever been shown to be inhibited by hypocapnic hypoxia. Hypocapnic hypoxia commonly produces sleep-disrupted breathing, a condition that improves with CO 2 supplementation or acetazolamide administration (Peña and García, 2006; Bell and Haouzi, 2010; Ainslie et al., 2013; Javaheri and Dempsey, 2013) .
Hyperoxia, widely used therapeutically, reduces CB activity, which causes an immediate but transient breathing reduction (Dejours et al., 1955) . At steady state, hyperoxia causes a small hypoventilation in rodents or slight hyperventilation in humans, the latter being tentatively attributed to excess CRC activation via cerebral blood flow reduction and other mechanisms (Olson et al., 1988; Becker et al., 1996; Ainslie and Duffin, 2009; Chowdhuri et al., 2010) . The notion that CRCs are activated by hyperoxia also remains unsubstantiated.
RTN is a prominent CRC candidate (Smith et al., 1989; Nattie, 2011) . Although RTN neurons are intrinsically pH-sensitive, they also respond to acidification via surrounding astrocytes and receive synaptic inputs from additional presumptive CRCs (Mulkey et al., 2004; Wang et al., 2013a, b) . RTN innervates the respiratory pattern generator, and its selective stimulation activates breathing massively (Abbott et al., 2009b . RTN therefore may operate both as a CRC and central respiratory chemoreflex integrator.
The present experiments had three objectives: (1) to determine whether RTN regulates breathing at rest; (2) to test whether RTN neurons are silenced during hypocapnic hypoxia in conscious rats (i.e., whether RTN conforms to existing predictions regarding how CRCs should behave under hypoxic conditions); and (3) to determine how RTN neurons regulate breathing during hyperoxia. RTN neurons are located close to the ventral medullary surface and are thinly distributed , which precludes unit recording in conscious animals. Fos can be used to gauge RTN activity, but this approach is insensitive and restricted to long-lasting perturbations (Sato et al., 1992; Teppema et al., 1997; Fortuna et al., 2009) . To assess RTN neuron activity, we monitored the degree of hypoventilation elicited by briefly inhibiting these neurons using Archaerhodopsin (Arch)-based optogenetics (Chow et al., 2010) . This method allowed us to quantify the instantaneous contribution of RTN neurons to ventilation with minimal interference from homeostatic regulations because of the slow time constant of the chemoreflexes.
Materials and Methods
Animals. Experiments were performed on male Sprague Dawley rats (N ϭ 27; 400 -550 g, Taconic). All procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Virginia Animal Care and Use Committee. Animals were housed under standard 12 h light/dark cycle with ad libitum access to food and water.
Viral constructs and virus preparation. For single-unit experiments in anesthetized rats, we used an adeno-associated viral vector (AAV) that expresses the photoactivatable proton pump Arch-3 fused to EYFP under the control of the pan-neuronal synapsin promoter (AAV-hSyneArch3.0-EYFP serotype 2) (Chow et al., 2010) . For the experiments on conscious rats, we used a lentiviral vector (LVV) that expresses ArchT3.0, a more light-sensitive version of Arch-3 (Han et al., 2011; Mattis et al., 2012) under the Phox2-responsive promoter PRSx8 (pLenti-PRSX8 eArchT3.0-EYFP) (Hwang et al., 2001) . We synthesized the PRSx8-ArchT3.0-EYFP construct by substituting the PRSx8 promoter (kindly provided by M. Raizada, University of Florida, Gainesville, Florida) for the CaMKII␣ promoter present in the pLenti CaMKII␣ eArchT 3.0 EYFP construct (courtesy of K. Deisseroth via Addgene). In a few experiments on conscious rats, we also used an already described LVV encoding the photoactivatable cation channel channelrhodopsin-2 (ChR2, H134R) fused to mCherry (PRSx8-ChR2-mCherry) (Abbott et al., 2009a, b) . Viral vectors (AAV2 and LVV) were produced by the University of North Carolina virus core. The AAV2 was used at a concentration of 3.0 ϫ 10 12 viral particles per milliliter. Both LVVs were used at a concentration of 3.0 ϫ 10 8 viral particles per milliliter.
Injections of vectors and animal instrumentation.
Rats were anesthetized with a mixture of ketamine (75 mg/kg), xylazine (5 mg/kg), and acepromazine (1 mg/kg) given intraperitoneally. Depth of anesthesia was assessed by an absence of the corneal and hind-paw withdrawal reflexes. Additional anesthetic was administered when necessary (25% of the original dose, i.p. or i.m. during surgery). Body temperature was kept close to 37°C with a servo-controlled heating pad and a blanket. All surgical procedures were performed under aseptic conditions.
The vectors were injected into RTN using electrophysiological landmarks as follows. The mandibular branch of the facial nerve was exposed on the left side or on both sides as needed. The rat was then placed prone on a stereotaxic apparatus (bite bar set at Ϫ3.0 mm for flat skull; David Kopf Instruments). A 1.5-mm-diameter hole was drilled into the occipital plate on the left side or both sides caudal to the parieto-occipital suture. Viral vectors were loaded into a 1.2 mm internal diameter glass pipette broken to a 25 m tip (external diameter). The lower edge of the facial motor nucleus was identified using antidromic field potentials evoked by facial nerve stimulation (0.1 ms, 0.2-0.8 mA) (Brown and Guyenet, 1985) , and the vector was ejected by pressure 100 -200 m below this level where RTN neurons reside.
ArchT3.0 LVV was injected bilaterally into three rostrocaudally aligned sites separated by 200 m (total volume 400 -600 nl/side). Mean stereotaxic coordinates were 2.1-2.7 mm caudal to lambda, 2 mm lateral to the midline, and 8.6 mm below the cerebellar surface. The most caudal site was located under the caudal end of the facial motor nucleus. We then implanted optical fibers for light stimulation plus electrodes to record the EEG and neck EMG. For EEG recordings, stainless steel jeweler screws (Plastics One) were implanted extradurally (0.5-1 mm anterior, 1 mm lateral to bregma and 3 mm posterior, 2-2.5 mm lateral to bregma above the contralateral hemisphere). One additional screw was implanted for structural support of the head stage and for grounding. Teflon-coated braided stainless steel wire (A-M Systems) was stripped at the tip and wrapped around the implanted screws. Two additional wires were stripped at the tips and implanted in the superficial muscles of the neck for EMG recordings of postural activity. All wires were crimped to amphenol pins (A-M Systems) and inserted into a plastic head stage (Plastics One). Optical fibers (200 m, numerical aperture-0.39; Thorlabs) were fitted with ferrules as described previously (Sparta et al., 2012) and implanted into the ventrolateral medulla (tips 0.5-0.8 mm dorsal to the vector injection site). The head stage and optic fiber-ferrule assemblies were secured to the skull using a two part epoxy (Loctite). Incisions were then closed in two layers (muscle and skin) with absorbable sutures and vet bond adhesive. Rats received postoperative ampicillin (125 mg/ kg, i.p.) and ketoprofen (3-5 mg/kg, subcutaneously) and were monitored daily. Rats recovered for a minimum of 4 weeks for functional expression of the opsins. A subset of animals were then implanted with radio-telemetry probes (PA-C10, Data Sciences International) to record blood pressure (BP) from the descending aorta via the right femoral artery. These rats recovered for yet another week before physiological experiments began. A second cohort of rats (N ϭ 6) were catheterized for arterial blood gas measurements in conscious whole-body plethysmography (for detailed methods, see Jespersen et al., 2012) .
In six rats, ChR2-expressing LVV was injected unilaterally on the left side (two 100 -140 nl injections separated by 200 m). These rats were then instrumented in the same way as those that had received injections of ArchT-expressing vector (EMG, EEG, fiber optic), except that a single optical fiber was implanted, on the left side. Four rats received a left side only injection of AAV2-hSyn-eArch3.0-EYFP into RTN (two 100 -140 nl injections separated by 200 m). These rats had no additional surgical procedure. Postsurgical treatment for these two groups was as described above.
RTN unit recordings in anesthetized rats. These experiments were designed to ascertain that Arch-transduced RTN neurons were inhibited by 532 nm wavelength (green) light from a laser delivered through an optical fiber in vivo in their vicinity. These optogenetic experiments were modeled after prior ones in which we tested the light sensitivity of ChR2-transduced RTN neurons (Abbott et al., 2009b) . Briefly, 4 rats received injections of AAV-hSyn-eArch3.0-EYFP serotype 2 into the left RTN. Five weeks later, rats were anesthetized with isoflurane (5% for induction, 3% thereafter) in 100% oxygen, the trachea was cannulated to permit artificial ventilation, and one femoral artery and vein were cannulated to record arterial BP and administer fluids, respectively. RTN units were recorded below the facial motor nucleus as described previously (Guyenet et al., 2005) . A 200 m optical fiber was inserted at a 20 degree angle from the vertical in the transverse plane and its tip placed an estimated 500 m above the left RTN. The light output at the tip of the fiber optic was adjusted to 9 mW with a light meter (Thorlabs) before insertion into the brain. Upon completion of surgical procedures, isoflurane was gradually withdrawn while freshly prepared ␣-chloralose (dissolved in 2% Na borate; initial dose of 60 mg/kg; maintenance at 30 mg/kg/h) and urethane (10% weight by volume in physiological saline; initial dose: 0.7 g/kg) were slowly infused intravenously, and ventilation with 100% O 2 was continued. The adequacy of the anesthesia was assessed by the lack of arterial pressure change and limb withdrawal following a firm paw pinch. Paralysis was induced with vecuronium bromide before the recordings (induction dose 0.1 mg/kg, i.v., plus additional 0.05 mg/kg/h infusion for maintenance). End-expiratory CO 2 (eeCO 2 ) was continuously monitored with a micro-capnometer (Columbus Instruments) and maintained between 3.5% and 4.5%. Neurons were recorded extracellularly using glass pipettes filled with 2 M NaCl (5-10 M⍀). RTN neurons were characterized as described previously (Guyenet et al., 2005) . Their CO 2 sensitivity was determined by adding CO 2 to the inspired gas in a stepwise manner to increase eeCO 2 up to 10% (for further details, see Guyenet et al., 2005) . Phenylephrine (boluses of 10 g/kg, i.v.) was administered to raise BP. Briefly, RTN neurons were located 100 -300 m below the facial motor nucleus, they were activated by hypercapnia (up to 8 -12 Hz at 10% eeCO 2 ), they were silenced by lowering eeCO 2 Ͻ4%, and they were unresponsive to BP elevation. RTN cells discharged tonically or exhibited a mild respiratory modulation at high FiCO 2 (fraction of inspired CO 2 ). To test their response to Arch activation, green light was applied continuously using the laser in 5-20 s episodes. All analog data were acquired on a computer via a micro 1401 digitizer (Cambridge Electronics), and were processed off-line using Spike software (Cambridge Electronics) (for details, see Guyenet et al., 2005) . The spontaneous activity of all recorded units was determined at rest, during the photostimulation period, and in recovery.
Physiological experiments in freely behaving rats. Rats were tested in a plethysmography chamber (EMKA Technologies) custom-modified to allow tethered EEG/EMG recordings and optical stimulation. Rats were repeatedly habituated to these surroundings, which were visually isolated and with low ambient noise before the actual experiments were run. On the day of the experiment, rats were lightly anesthetized with isoflurane (induction with 5%, maintenance with 2% in 100% oxygen for Ͻ1 min) to permit cleaning of hardware and connection to the ferrule and EEG/ EMG recording assembly. A 200-m-thick multimode optical fiber terminated with a ferrule was mated to the implanted ferrule with a zirconia sleeve. Optical matching gel (Fiber Instrument Sales) was applied at the ferrule junction to reduce light loss. A minimum of 1 h was allowed for recovery from anesthesia and the emergence of stable sleep/wake patterns. Recordings were made between 10:00 A.M. to 6:00 P.M., over multiple days, with a minimum of 3 d rest between tests. The ventilatory response to RTN inhibition was assessed using barometric, unrestrained whole-body plethysmography (EMKA Technologies). The plethysmography chamber was continuously flushed with 1.5 L/min of 21% O 2 balanced with N 2 regulated by computer-driven mass flow controllers for O 2 , N 2 , and CO 2 (Alicat). Temperature and humidity within the plethysmography chamber were kept stable within experiments (Ϯ0.5°C, Ϯ5% relative humidity) and between experiments (23°C-25°C ambient room temperature, 40%-60% relative humidity).
Photoinhibition of Arch-expressing RTN neurons was achieved with a green laser (532 nm, Shanghai Laser and Optics Century). Photoexcitation of ChR2-expressing RTN neurons was performed using a blue laser (473 nm, CrystaLaser). The lasers were controlled by TTL pulses from a Grass model S88 stimulator (AstroMed). Green light was applied bilaterally using a splitter through 200-m-thick multimode optical fiber (Thorlabs) in 10 s episodes of continuous illumination with ϳ5 mW of light output at the tip of the implanted fibers. Blue light was pulsed (2-5 ms pulse width) for 20 s periods at 20 Hz with ϳ9 mW of light output at the tip. The transmission efficiency of each implantable optical fiber was tested before implantation with a light meter (Thorlabs).
Data acquisition and analysis. Physiological signals were acquired and processed using Spike version 7.03 software (Cambridge Electronics). EEG and EMG were amplified and bandpass filtered (EEG: 0.1-100 Hz, ϫ1000. EMG: 100 -3000 Hz, ϫ1000) and acquired at a sampling frequency of 1 kHz. The signal generated by the differential pressure transducer connected to the plethysmography chamber was amplified, bandpass filtered (ϫ200, 0.1-20 Hz) and acquired at a sampling frequency of 1 kHz. The signal from the radio telemetry probe (BP) was acquired at a sampling frequency of 0.2 kHz. Mean arterial pressure and heart rate were extracted from pulsatile BP recordings from the descending aorta based on values calibrated before implantation of the telemetry probe. Periods of wake or natural sleep were classified on the basis of EEG, EMG activity, and the patterns of cardiovascular and breathing activity. During non-rapid eye movement sleep (non-REM), EEG spectra were dominated by ␦activity (0.5-4 Hz), with little or no EMG activity, and a stable breathing pattern, BP, and heart rate. Quiet wake was characterized by a reduction in total EEG power with EMG tone and an elevated resting heart rate.
A minimum of 6 photoactivation trials were conducted in each rat in each state (non-REM sleep and quiet wake), at each level of FiO 2 (65%, 21%, 15%, or 12% with or without the addition of 3% FiCO 2 ) or treatment with acetazolamide (200 mg/kg in 100% DMSO, 0.1 ml i.p., SigmaAldrich) or DMSO. Average breathing values were extracted from all trials not contaminated by body movements, as indicated by EMG activity. Respiratory and cardiovascular parameters (BP, heart rate) were averaged during the 10 s photostimulus. Baseline values were measured during the 20 s preceding light delivery. Respiratory frequency (f R , breaths/min) and tidal volume (V T , area under the curve during the inspiratory period calibrated to waveforms generated by injecting 5 ml of dry air from a syringe during the experiment, expressed in milliliters per 100 g body weight) were calculated using Spike software version 7.3 (Cambridge Electronics). These values were used to calculate minute ventilation (V E ϭ f R ϫ V T , expressed as ml/100 g body weight/ min).
Arterial blood values (pH, PCO 2 , bicarbonate, PO 2 ) were measured at each level of FiO 2 (65%, 21%, 15%, or 12%, no CO 2 added), at 12% FiO 2 with 3% FiCO 2 supplementation (isocapnic hypoxia) and with acetazolamide treatment at 65%, 21%, 15%, and 12% FiO 2 . Arterial blood samples were analyzed immediately with an iStat handheld monitor configured with a CG8ϩ cartridge (Abbott Laboratories).
All datasets were tested for normality; then differences within and between groups were determined using either paired Student's t test, one-way repeated measures ANOVA, or two-way repeated-measures ANOVA with Sidak or Bonferroni multiple comparisons using PRISM software (version 6, GraphPad Software). If data were not normally distributed, Friedman's nonparametric repeated-measures ANOVA was conducted with Dunn's post hoc multiple comparisons. Two-tailed Pearson's correlation was used to test for a relationship between Archinduced reductions in breathing frequency (⌬f R ), tidal volume (⌬V T ), and minute ventilation (⌬V E ) and arterial pH (pHa) or arterial PCO 2 (PaCO 2 ). The same test was also used to test for correlations between resting f R , V T , and V E and pHa or PaCO 2 . Linear regression analysis was used to examine the relationship between pHa or PaCO 2 and Archinduced ⌬f R , ⌬V T , and ⌬V E and to calculate the pHa and PaCO 2 at which RTN neurons start to be active (the recruitment threshold; methodological details in Results). All values are expressed as means Ϯ SEM.
Histology. Animals were deeply anesthetized with sodium pentobarbital and perfused transcardially with 4% PFA, brains removed, and processed as described previously . Immunohistochemistry with antibodies against tyrosine hydroxylase (sheep anti-TH, 1:2000, Millipore), EYFP (chicken anti-GFP, 1:1000, AVES Labs), or mCherry (rabbit anti-dsRed, 1:500, Clontech #632496, Clontech Laboratories), Phox2b (rabbit anti-Phox2b, 1:8000, a gift from J.F. Brunet, Ecole Normale Superieure, Paris), and GFAP (rat anti-GFAP, 1:1000, Invitrogen) was performed as previously described (Abbott et al., 2009b) . Cell mapping, counting, and photography were done using the Neurolucida system (MicroBrightfield) with a Zeiss Axioskop microscope with computer-driven stage and Zeiss MRc camera. Cell counts were taken from a 1 in 6 series of sections, and only profiles containing a nucleus were counted. 
Results

Histology
The location and phenotype of Arch-transduced neurons (positive for EYFP) were examined by immunohistochemistry in 12 rats (Fig.  1) . Consistent with prior studies using related PRSX8 promotercontaining LVVs (Abbott et al., 2009b) , Arch-transduced neurons were limited to Phox2b-ir noncatecholaminergic neurons located just caudal to and under the entire extent of the facial motor nucleus (Fig. 1A 1 -A 3 ) and to TH-ir neurons (C1, Fig. 1A 4 ) occasionally also located in proximity to RTN but mostly present slightly caudal or medial to it (Fig. 1A 3 ) . A few EYFP-labeled neurons, presumably cholinergic, were found in 3 cases within the rostral compact portion of nucleus ambiguus and were not included in the count of RTN cells. The TH-negative transduced neurons located under the facial motor nucleus were virtually all Phox2b-positive and therefore classified as RTN neurons (Abbott et al., 2009b) . The rostrocaudal distribution of Archtransduced RTN and catecholaminergic (CA) neurons is shown in Figure 1B (12 rats). The total number of Arch-transduced RTN neurons counted in a 1 in 6 series of coronal sections was 85.8 Ϯ 11.3 neurons. The number of transduced CA neurons counted was 81.2 Ϯ 9. Figure 1C shows where the tips of optical fibers were located in 10 of these rats ( Fig. 1 B, C) . Two of the 12 rats had a correctly placed optical fiber on one side only and are not represented.
The distribution of ChR2-transduced neurons was very similar albeit unilateral by design. On average, 67 Ϯ 11 neurons (1 in 6 section counts) expressed EYFP, of which 33 Ϯ 8 also expressed TH (47%). The optical fiber tips were located 0.5-1 mm dorsal to the ventral medullary surface at levels 9.7-11.5 caudal to bregma similar to the placement of optical fibers in the Arch cases shown in Figure 1 .
Astrocytes regulate RTN neurons by releasing ATP . Although astrocytes are not known to express Phox2b, we tested whether Arch might have been expressed by these cells. In sections from four PRSX8-Arch-EYFP LVVinjected rats, no overlap between GFAP immunoreactivity and EYFP could be detected in the RTN, although glia are located in close proximity to the transduced neurons as reported previously ( 
Photoactivation of the proton pump silences RTN in anesthetized rats
Arch is a light-activated pump that translocates protons from the cytoplasm to the extracellular space, thereby hyperpolarizing and silencing neurons (Chow et al., 2010) . Given that RTN neurons are directly activated by acidification in slices (Mulkey et al., 2004; Wang et al., 2013a, b) , we wanted to ascertain that Arch activation can indeed silence RTN neurons (i.e., that the protons translocated by the pump do not stimulate these cells in vivo). We identified 9 RTN neurons in 4 rats in which RTN neurons were transduced with Arch. Six of those were silenced by applying green light for 2-10 s ( Fig. 2A 1 ) . The rest were unaffected. Inhibition was immediate, instantly reversible, and complete, including when the neurons were maximally activated by 10% FiCO 2 ( Fig. 2A 1 ,A 2 ). The inhibited neurons had the characteristic prop- Bottom, Extracellular action potentials. eeCO 2 was changed by adding variable concentrations of CO 2 to the breathing mixture; 532 nm continuous laser light was delivered in the vicinity of the neuron via a fiberoptic (green bars). The light produced immediate and complete inhibition of the neuron. A 2 , Expanded scale excerpts showing that the neuron was instantly and reversibly silenced by the light under lower (top) or higher eeCO 2 (bottom). B, relationship between unit discharge rate and eeCO 2 for 6 RTN units that were silenced by green light (the cell shown in A 1 and A 2 is represented in red).
erties of previously identified Phox2b-positive RTN chemoreceptors (i.e., they were silent at eeCO 2 Ͻ3.5%-4.5% eeCO 2, robustly activated by hypercapnia in a concentration-dependent manner and respiratory-modulated at high levels of eeCO 2 only) ( Fig. 2A 1 ,B) . Thus, despite their intrinsic sensitivity to acid, RTN neurons are inhibited by Arch similar to other previously tested neurons (Chow et al., 2010) . Given the uncertainty regarding whether intracellular or extracellular acidification is responsible for the acid-induced depolarization of RTN neurons, several explanations are plausible. First, the Arch-dependent outward current could deliver too few protons to acidify the extracellular space. Second and more likely, the pump generates an outward current that is far greater than the maximal inward current caused by extracellular acidification of RTN neurons (typically 20 -30 pA in slices) (Mulkey et al., 2004; Wang et al., 2013a Wang et al., , 2013b . Third, if the potassium conductance responsible for the acid sensitivity of RTN neurons is closed by intracellular rather than extracellular acidification, the intracellular alkalization caused by Arch could actually contribute to inhibiting RTN neurons.
Arch-triggered hypoventilation is attenuated by hypoxia
These physiological experiments were designed to test several consequences of the theory that RTN neurons are CRCs and/or function as a central respiratory chemoreflex integrator, namely: (1) RTN neuron inhibition should produce hypoventilation at rest; (2) activity of RTN neurons should be reduced by hypoxia because of the associated alkalosis; (3) during hypoxia, RTN neurons should be reactivated by restoring blood acidity to control (normoxic) levels; and (4) RTN neurons should be activated by hyperoxia. Collectively, these four criteria form a reasonably stringent test of whether RTN mediates the effects of brain acidification on breathing with any degree of selectivity. The first test distinguishes between neurons that drive breathing at rest and neurons that do not. The second one distinguishes between neurons that mediate the effect of CNS hypercarbia and neurons that merely contribute to respiratory rhythm and pattern generation. Contrary to the former, the latter should be activated by hypoxia because this stimulus activates the breathing rate and amplitude. The third criterion verifies the expectation that hypoxia inhibits RTN neurons via brain alkalization. The fourth criterion also distinguishes potential CRCs from neurons that contribute to respiratory rhythm and pattern generation. Indeed, because hyperoxia decreases breathing in rats (Olson et al., 1988) , the activity of the latter should be reduced in a manner commensurate with the reduction in breathing intensity, whereas CRCs should be activated. Criteria 1, 2, and 4 are addressed in this section; the third criterion is examined later on.
Blood gases were measured while rats were quiescent and fully habituated to their surroundings to minimize the confounding effect of stress and physical activity on ventilation. Blood gases during normoxia, hypoxia, and hyperoxia conformed to expectations for rats (Olson et al., 1988) (Table 1) . Hyperoxia caused a slight respiratory acidosis (not significant), and hypoxia caused frank respiratory alkalosis at 12% FiO 2 (N ϭ 6; one-way repeated-measures ANOVA across four levels of FiO 2 for pH, PaCO 2 , PaO 2 , and HCO 3 ; effect on pH: Friedman statistic ϭ 18.00, p Ͻ 0.001; Dunn's multiple comparisons for pH: 65% vs 21% FiO 2 , p Ͼ 0. 9; 21% vs 12% FiO 2 , p ϭ 0.04). Arch photoactivation was administered exclusively during periods of eupneic breathing (i.e., when rats were quietly awake or in non-REM sleep and breathing was regular). Periods of REM sleep or episodes during which rats were actively behaving (grooming, sniffing, ambulating) were deliberately excluded from testing.
Hyperoxia reduced resting ventilation slightly, whereas hypoxia produced the expected oxygen concentration-dependent stimulation of breathing rate (Fig. 3 A, B) . Arch activation consistently reduced breathing rate and amplitude during normoxia (Fig. 3 A, B) . Arch-induced hypoventilation was increased by hyperoxia (65% FiO 2 ), attenuated by hypoxia (15% FiO 2 ), and dramatically reduced at 12% FiO 2 (Fig. 3A-C Arch-induced hypoventilation was maximal during the early part of the photostimulus and tended to return toward the prestimulation level thereafter. The tendency for breathing to increase during the latter part of the photostimulus period can be better appreciated by examining event-triggered averaged responses (Fig. 4) . These graphs show that the hypoventilation was better sustained throughout the light stimulus during hyperoxia than during hypoxia. This in turn suggests that, during normoxia and especially so during hypoxia, the hypoventilation elicited by the photostimulus was rapidly attenuated by an increase in CB activity rather than by an increase in CRC activity. This interpretation is based on the peripheral chemoreflex having a much shorter time constant than the central chemoreflex . The relaxation of the hypoventilation during the latter part of the photostimulus indicates that we slightly underestimated the instantaneous contribution of RTN neurons to resting ventilation by averaging breathing frequency and tidal volume throughout the 10 s stimulus period.
Arterial pressure (BP) was recorded by telemetry in 4 rats. Resting BP was unaffected by the level of inhaled oxygen except for a slight reduction at 12% FiO 2 (Fig. 5) . Arch photoactivation (10 s) produced a small hypotension under all levels of FiO 2 (Fig.  5 ) (N ϭ 4; two-way repeated-measures ANOVA; effect of FiO 2 on BP: F (3,9) ϭ 4.440, p ϭ 0.03; effect of Arch on BP: F (1,3) ϭ 19.14, p ϭ 0.02; interaction effect on BP: F (3,9) ϭ 14.73, p ϭ 0.0008; Sidak's multiple comparisons for effect of FiO 2 on resting BP: comparisons between every level of FiO 2 , except those for 12% FiO 2 , p Ͼ 0.3; for all FiO 2 levels vs 12%, p Ͻ 0.0001; Sidak's multiple comparisons for BP before and after Arch photoactivation at 65% FiO 2 , p ϭ 0.05; 21% FiO 2 , p ϭ 0.002; 15% FiO 2 , p ϭ 0.0002; 12% FiO 2 , p Ͻ 0.0001). The rostral C1 cells innervate and drive vasomotor sympathetic preganglionic neurons. Their activity is increased by hypoxia and helps maintain BP during hypoxia (Sun and Reis, 1994; Hirooka et al., 1997; Madden and Sved, 2003) . Hypoxia-dependent hypotension was therefore an expected consequence of inhibiting a subset of C1 neurons transduced with Arch. The hypotension was very small, however, suggesting that few C1 cells were inhibited or that the baroreflex (Fig.  6 A, B) . A total of 10 mW of blue light delivered by a 200 m optical fiber delivers Ն1 mW, the power necessary to activate ChR2, only through 0.5 mm 3 of tissue (a sphere of ϳ500 m radius) (Aravanis et al., 2007) . When we considered only the transduced neurons located within 500 m of the coronal plane of optical fibers (10 rats; Fig. 6C ), the correlation between hypoventilation and transduced RTN neurons became much tighter (correlation with f R : Pearson r ϭ 0.74, p ϭ 0.008; correla- Arch photoactivation reduces breathing rate and amplitude to different extents in conscious rats exposed to normoxia, hyperoxia, or hypoxia. A, Hypoventilation caused by bilateral Arch photoactivation (10 s) in a conscious Sprague Dawley rat under hyperoxia (65% FiO 2 , A 1 ), normoxia (21% FiO 2 , A 2 ), mild hypoxia (15% FiO 2 , A 3 ), and moderate hypoxia (12% FiO 2 , A 4 ) . B, Ventilation parameters at rest and during Arch photostimulation in rats exposed to four levels (percentages) of O 2 in the breathing mixture (FiO 2 ): group data (9 rats). B 1 , f R at rest and during Arch photostimulation. B 2 , V T at rest and during Arch photostimulation. B 3 , V E at rest and during Arch photostimulation. C, Change in ventilation parameters elicited by Arch photostimulation across four levels of FiO 2 : group data (same 9 rats as in B). C 1 , Effect of FiO 2 on ⌬f R . C 2 , Effect of FiO 2 on ⌬V T . C 3 , Effect of FiO 2 on ⌬V E . *p Ͻ 0.05. **p Ͻ 0.01. ***p Ͻ 0.001. (Fig. 6D) . Linear regression analysis further revealed that the relationship between the number of transduced RTN neurons and the respiratory effects produced during Arch photoinhibition was more robust than that between numbers of CA neurons transduced particularly when distance from the fiber optic tip was taken into consideration ( Fig. 6) hypoventilation elicited by the light was likely caused by inhibition of Arch-transduced RTN neurons as opposed to catecholaminergic neurons. The results also suggest that the light may not have been able to reach the entire population of transduced RTN neurons. In this cohort of 10 rats, the number of Arch-transduced RTN neurons located within 500 m of the tip of optical fibers varied from a low of 120 to a high of 480 (the number of counted neurons in a 1 in 6 series of sections multiplied by 6) and the total number of transduced RTN neurons was between 240 and 980. Because the rat has ϳ2000 RTN neurons, we estimate that the maximum percentage of RTN neurons that were directly photoinhibited could not have exceeded 50%; yet, in hyperoxia, V E could be reduced by up to 80%.
Does arousal account for the loss of Arch-triggered hypoventilation during hypoxia?
Hypoxia causes arousal (Pappenheimer, 1977; Phillipson et al., 1978) , and the contribution of RTN neurons to breathing has been previously described as state-dependent (Li et al., 1999) . To test whether the loss of Arch-triggered hypoventilation during hypoxia was caused by arousal, we compared the responses elicited under the following three conditions: normoxia when rats were in non-REM sleep, normoxia during wake, and 12% FiO 2 while the animals were quietly awake. The state of vigilance was determined by video recording of the animal's immobility and posture and by examining the ␦power (0.5-4 Hz) of the EEG. The hypoventilation elicited under normoxic conditions during non-REM sleep was about the same as when rats were quietly awake (Fig. 7) . The hypoventilation observed during hypoxia in quiet awake rats was still significantly smaller than when rats were quietly awake under normoxia (Fig. 7B) In summary, RTN neurons drive eupneic breathing equally during non-REM sleep and quiet waking in rats. Second, arousal does not account for the reduction of Arch-triggered hypoventilation during hypocapnic hypoxia.
Does hypoxia attenuate the breathing stimulation elicited by RTN stimulation?
A possible reason why hypoxia attenuates Arch-triggered hypoventilation could be that the respiratory network is unable to respond to RTN neuronal input under this condition. To address this question, we stimulated RTN neurons optogenetically using a previously described ChR2-expressing lentiviral vector (PRSx8-ChR2-EYFP-LVV) (Abbott et al., 2009b) with the same cell specificity as the Arch-delivering vector. ChR2 stimulation increased ventilation at all levels of FiO 2 (N ϭ 6; two-way repeatedmeasures ANOVA; effect of ChR2 stimulation on f R : F (1,5) ϭ 37.39, p ϭ 0.002; Sidak's multiple comparisons: before and after ChR2 stimulation at 21%, 15%, and 12% FiO 2 , p Ͻ 0.0001; effect of ChR2 stimulation on V T : F (1,5) ϭ 15.87, p ϭ 0.01; Sidak's multiple comparisons: before and after ChR2 at 21% FiO 2 , p Ͻ 0.0001; at 15% FiO 2 , p ϭ 0.0002; at 12% FiO 2 , p ϭ 0.002; effect of ChR2 stimulation on V E : F (1,5) ϭ 28.61, p ϭ 0.003; Sidak's multiple comparisons: before and after ChR2 stimulation at 21%, 15%, and 12% FiO 2 , p Ͻ 0.0001). The increase in breathing frequency elicited by photostimulation of the ChR2-transduced neurons was slightly reduced by hypoxia (25% decrease at 12% FiO 2 ; Fig. 8 A, B ) (N ϭ 6; Friedman one-way repeated-measures ANOVA; effect of photostimulation on ⌬f R at different FiO 2 : Friedman statistic ϭ 9.333, p ϭ 0.006; Dunn's multiple comparisons: ChR2 stimulation at 21% vs 12% FiO 2 , p ϭ 0.01; all other comparisons, p Ͼ 0.06). The increase in tidal volume elicited by ChR2 stimulation of RTN was also reduced by hypoxia (50% on average at 12% FiO 2 ; Fig. 8 A, C) (N ϭ 6; Friedman one-way repeated-measures ANOVA; effect of photostimulation on ⌬V T at different FiO 2 : Friedman statistic ϭ 9.333, p ϭ 0.006; Dunn's multiple comparisons: ChR2 stimulation at 21% vs 12% FiO 2 , p ϭ 0.01; all other comparisons, p Ͼ 0.06). Thus, although RTN stimulation did increase breathing at all levels of FiO 2 , this effect was reduced during hypoxia, by 25% for f R and 50% for V T .
Reacidifying the blood restores Arch-triggered hypoventilation during hypoxia If RTN neurons are silenced by hypoxia because of respiratory alkalosis, these neurons should be reactivated by blood acidification. This test requires no assumption as to where acidification might ultimately work (RTN, carotid bodies, or other CRCs). Reacidification was achieved by exposing rats to 3% FiCO 2 or by administering the carbonic anhydrase inhibitor acetazolamide, a drug used clinically to stimulate breathing at altitude (Swenson, 2014) .
The addition of 3% FiCO 2 to the 12% hypoxic breathing mixture restored arterial pH and PCO 2 toward the values observed under normoxia, although a very slight respiratory alkalosis persisted (pH 7.48 vs 7.44; PaCO 2 34.5 vs 41.8; Table 1 ). The addition of CO 2 also restored Arch-induced bradypnea (Fig. 9A) . However, contrary to expectations, 3% FiCO 2 had no effect on the V T reduction elicited by RTN inhibition under any of the oxygen concentrations tested (Fig. 9 A, B 2 ) (N ϭ 5; two-way repeatedmeasures ANOVA; interaction effect [Arch inhibition ϫ inhaled gas mixture] on f R : F (3,12) ϭ 6.781, p ϭ 0.006; Sidak's multiple comparisons for effects of Arch inhibition on f R during 21% FiO 2 vs 21% FiO 2 ϩ 3% FiCO 2 , p ϭ 0.001; 15% FiO 2 vs 15% FiO 2 ϩ 3% FiCO 2 , p ϭ 0.005; 12% FiO 2 vs 12% FiO 2 ϩ 3% FiCO 2 , p ϭ 0.0009; interaction effect [Arch inhibition ϫ inhaled gas mixture] on V T : F (3,12) ϭ 2.413, p ϭ 0.1).
We compared the ventilatory responses to Arch activation following DMSO administration (vehicle for acetazolamide) alone to the responses following acetazolamide. DMSO and acetazolamide were administered to the same 6 rats in random order at an interval of 3 d. In a different cohort of animals (N ϭ 4), blood gasses and pH were measured both before and after acetazolamide administration. Acetazolamide reduced plasma bicarbonate as expected but had no effect on PCO 2 regardless of the level of inspired oxygen, except in 65% FiO 2 where there was a slight decrease (Table 1) (N ϭ 4; two-way repeated-measures ANOVA for acetazolamide and FiO 2 on HCO 3 : main effect of FiO 2 : F (3,9) ϭ 20.08, p ϭ 0.0003; main effect of acetazolamide: F (1,3) ϭ 54.30, p ϭ 0.005; interaction: F (3,9) ϭ 0.9658, p Ͼ 0.5; Sidak's multiple comparisons: baseline, 65% FiO 2 vs Acet 65% FiO 2 , p Ͻ 0.0001; baseline, 21% FiO 2 vs Acet 21% FiO 2 , p ϭ . B 1 , Light-evoked f R reduction during non-REM sleep, quiet wake, and hypoxia (12% FiO 2 ). B 2 ,V T reduction during non-REM sleep, quiet wake, and hypoxia (12% FiO 2 ). B 3 , V E reduction during non-REM sleep, quiet wake, and hypoxia (12% FiO 2 ). C, EEG power (0.5-4 Hz only) during periods of quiet wake in normoxia or during hypoxia expressed as a fraction of the power recorded during periods of non-REM sleep (same 5 rats). *p Ͻ 0.05. **p Ͻ 0.01. 0.0007; baseline, 15% FiO 2 and 12% FiO 2 vs Acet, p ϭ 0.0004; two-way repeated-measures ANOVA for acetazolamide and FiO 2 on PaCO 2 ; main effect of FiO 2 , F (3,9) ϭ 45.06, p Ͻ 0.0001; main effect of acetazolamide, F (1,3) ϭ 1.398, p ϭ 0.3; interaction, F (3,9) ϭ 5.767, p ϭ 0.02; Sidak's multiple comparisons: baseline, 65% FiO 2 vs Acet 65% O 2 , p ϭ 0.002; baseline, 21% FiO 2 , 15% FiO 2 , and 12% FiO 2 vs Acet 21% FiO 2 , 15% FiO 2 , and 12% FiO 2 , p Ͼ 0.2). Acetazolamide lowered pHa significantly at all levels of FiO 2 , except 65%, and greatly reduced the alkalization resulting from hypoxia (two-way repeated-measures ANOVA for acet- FiO 2 , A 3 ) . B, Left, Ventilation parameters at rest and during ChR2 photostimulation in rats exposed to three different amounts of O 2 in the breathing mixture (FiO 2 ). Right, Change in ventilation parameters evoked by ChR2 activation (6 rats). B 1 , f R . B 2 , V T at rest and during ChR2 photostimulation. B 3 , V E at rest and during photostimulation *p Ͻ 0.05. **p Ͻ 0.01. ***p Ͻ 0.001. Arch-induced bradypnea (⌬f R ) was strongly dependent on FiO 2 in the control group (DMSO, Fig. 10 ; N ϭ 6; one-way repeated-measures ANOVA; effect of FiO 2 on f R : F (1,5) ϭ 34.12, p ϭ 0.0005). Acetazolamide increased resting ventilation under all oxygen conditions (not illustrated; N ϭ 6; two-way repeatedmeasures ANOVA for f R ; main effect of acetazolamide: F (1,5) ϭ 364.7, p Ͻ 0.0001). After administration of acetazolamide, Archinduced bradypnea was observed under all oxygen conditions tested ( Fig. 10 A, B ) (N ϭ 6; two-way repeated-measures ANOVA; main effect of Arch on f R : F (1,5) ϭ 87.07, p ϭ 0.0002. Sidak's multiple comparisons: baseline vs Arch for 65%, 21%, 15% FiO 2 , and 12% FiO 2 , p Ͻ 0.0001). However, as in the CO 2 supplementation experiments, acetazolamide restored only the decrease in frequency evoked by inhibiting RTN (Fig. 10A 4 ,B 1 ) (N ϭ 6; two-way repeated-measures ANOVA; main effect of acetazolamide on f R : F (1,5) ϭ 93.01, p ϭ 0.0002) but had no effect on the V T reduction elicited by RTN inhibition under any of the oxygen concentrations tested (Fig. 10A 4 ,B 2 ) (N ϭ 6; two-way repeated-measures ANOVA, main effect of acetazolamide on V T : F (1 5) ϭ 4.08, p ϭ 0.09, Sidak's multiple comparisons: all comparisons, p Ͼ 0.1).
In summary, during hypoxia, blood reacidification produced by increasing FiCO 2 or by injection of acetazolamide restored the ability of RTN inhibition to reduce the respiratory frequency, but acidification had no detectable influence on the concomitant reduction of breathing amplitude elicited by RTN inhibition.
Relationship between pHa, PaCO 2 , and the breathing stimulation contributed by Arch-transduced RTN neurons To test the contribution of pHa and PaCO 2 to RTN neuron activity in conscious rats, we analyzed the relationship between ⌬f R , ⌬V T , and ⌬V E elicited by inhibiting Arch-transduced RTN neurons and pHa or PaCO 2 under the nine conditions examined (65%, 21%, 15%, and 12% FiO 2 , under control conditions, in the presence of 3% FiCO 2 , and in the presence of acetazolamide). The pHa and PCO 2 values used for the linear regression analysis were the mean blood gas values shown in Table 1 , and the mean values of ⌬f R , ⌬V T and ⌬V E recorded for each of the 9 groups.
There was an extremely tight inverse correlation between ⌬f R and pHa (N ϭ 9; Pearson r ϭ 0.93, p Ͻ 0.0002; Fig. 11A ) but no correlation between ⌬f R and PaCO 2 (Pearson r ϭ Ϫ 0.44, p ϭ 0.2; Fig. 11A ). Interestingly, the correlations were reversed for ⌬V T . This variable was not correlated with pHa (Pearson r ϭ 0.41, p ϭ 0.3; Fig. 11B ) but very highly correlated with PaCO 2 (Pearson r ϭ Ϫ0.91, p ϭ 0.0007; Fig. 11E) . ⌬V E , which predominantly reflects changes in breathing frequency, was, as expected, highly correlated with pHa (Pearson r ϭ 0.93, p Ͻ 0.0003; Fig. 11C ), but not with PaCO 2 (Pearson r ϭ Ϫ0.49, p ϭ 0.2; Fig. 11F ). The reason why ⌬f R was not correlated with PaCO 2 and ⌬V T to pHa became clearer when we plotted separately the results obtained with or without acetazolamide treatment. It then became apparent that the relationship between ⌬f R and PaCO 2 was also linear (due to the limited number of points, no statistical test was applied) but consisted of two parallel regression lines corresponding to the presence or absence of acetazolamide (Fig. 11D) . Similarly, the relationship between ⌬V T and pHa consisted of two parallel regression lines (Fig. 11B) . Acetazolamide increases renal bicarbonate excretion; consequently, this drug lowers plasma bicarbonate considerably (Table 1) . Acetazolamide must there- fore change the relationship between pH and PCO 2 according to the local bicarbonate concentration. This relationship is likely to be different within the environment of the CRCs than in the carotid bodies, which are bathed by the plasma. The existence of two parallel regression lines for the relationship between ⌬V T and pHa and ⌬f R and PaCO 2 could be related to the relative contribution of CRCs and the CBs to RTN neuron activity. A recruitment threshold (the level at which RTN neurons start to be active) for pHa and PaCO 2 was determined from the regression lines by postulating that these neurons were silent when Arch activation no longer changed f R (Fig. 11A) or when Arch activation reduced V T by an amount that was unchanged by further acidification or a further increase in PaCO 2 (e.g., Fig. 11E) . A pHa recruitment threshold of 7.53 and PaCO 2 recruitment threshold of 32 mmHg (ϳ4.2% CO 2 ) could thus be calculated (Fig. 11 A, E, hatched line) . These values are virtually identical to the recruitment threshold of RTN neurons recorded in anesthetized animals (present results; Guyenet et al., 2005) . The presence of a small pH-and PCO 2 -independent ⌬V T (ϳ0.07 ml/100 g; Fig.  11 B, E) has several potential explanations. V T -regulating RTN neurons may not be completely silenced by alkalization in conscious animals or this residual V T reduction could result from the inhibition of Arch-transduced neurons that are not RTN neurons (e.g., the C1 cells).
In summary, this analysis shows that RTN activity tracks pHa and/or PaCO 2 independently of the intensity of breathing over a wide variety of experimental conditions.
Discussion
We report several new findings: inhibiting RTN and nearby C1 neurons reduces ventilation equally during non-REM sleep and quiet waking. The hypoventilation is largest during hyperoxia, virtually eliminated during hypocapnic hypoxia, and reinstated under isocapnic hypoxia. The hypoventilation is highly correlated with pHa or PaCO 2 . The most plausible interpretation is that, in sleeping or quietly awake rats, RTN neurons stimulate breathing in proportion to the degree of acidification below a threshold of 7.5 pHa. C1 neuron inhibition is unlikely to have contributed to the hypoventilation, but this possibility is not entirely excluded.
Technical and interpretative limitations
Under anesthesia, Arch activation silenced RTN neurons even in the presence of 10% eeCO 2 . Thus, the proton pump overcame any cell-autonomous or astrocyte-dependent activation of RTN caused by hypercarbia via protons or molecular CO 2 (Gourine et al., 2008; Huckstepp et al., 2010; Wang et al., 2013a) . Extrapolating this finding to conscious rats seems legitimate because illumination of Arch-transduced versus ChR2-transduced RTN neurons produced opposite effects, both at the single-unit and system levels (Abbott et al., 2009b) .
C1 cell activation raises both BP and ventilation . Therefore, inhibition of Archtransduced C1 neurons could have contributed to the lightevoked hypoventilation. However, if this contribution had been Figure 11 . Relationship between arterial pH or PaCO 2 and breathing drive contributed by Arch-transduced RTN neurons. A-C, x-y plots of pHa versus Arch-induced reductions in ⌬f R , ⌬V T , and ⌬V E . Gray-filled circles represent data from acetazolamide-treated rats. Black-filled circles represent data from drug-free rats. D-F, Plots of PaCO 2 versus Arch-induced ⌬f R , ⌬V T , and V E . Note the tight linear relationships between ⌬f R and pHa and between ⌬V T and PaCO 2 across all experimental conditions. The calculated pH recruitment threshold (i.e., pHa below which RTN is active) was 7.53. This value was determined by the intersection of the regression line and the zero horizontal line (A). The data point at 12% FiO 2 (no drug) was excluded from the linear regression analysis because ⌬f R was zero and pHa (7.6) was clearly beyond the recruitment threshold. The PaCO 2 recruitment threshold (i.e., PaCO 2 above which RTN becomes active) was 32 mmHg. This value was obtained from E as the intersection between the linear part of the regression curve and the plateau defined by the invariant values of ⌬V T measured at PaCO 2 values below the estimated recruitment threshold (E). Physiological data: four levels of FiO 2 (N ϭ 9), 12% FiO 2 with 3% FiCO 2 (N ϭ 7), four levels of FiO 2 with acetazolamide (N ϭ 6). Arterial blood gas: four levels of FiO 2 (N ϭ 6), 12% FiO 2 with 3% FiCO 2 (N ϭ 4), four levels of FiO 2 with acetazolamide (N ϭ 4).
substantial, hypoventilation should have been greater during hypoxia, not smaller as observed, because C1 cells are strongly activated by hypoxia (Sun and Reis, 1996) . Moreover, there was only a weak correlation between hypoventilation and the number of Arch-transduced catecholaminergic neurons located close to the optical fiber.
Under anesthesia, RTN neurons were silenced regardless of eeCO 2 (4%-10%, corresponding to 7.5-7.2 pHa) (Guyenet et al., 2005) . A pH-dependent change in proton pump efficacy is therefore unlikely to explain the inability of Arch activation to reduce breathing during hypoxia.
Astrocytes did not express Phox2b and did not contain histologically detectable levels of Arch; therefore, these cells were presumably not directly affected by light. Conceivably, astrocytes could have been depolarized by Arch-induced extracellular acidification (Chow et al., 2010; Mulkey and Wenker, 2011) . The ensuing ATP release could possibly have attenuated the light-induced inhibition of RTN neurons.
RTN drives resting breathing
Whether RTN neurons drive breathing in resting conscious mammals is controversial. Li et al. (1999) concluded that RTN stimulation with CO 2 increases V T in awake rats only, and found that RTN inhibition did not change resting ventilation. Yet, muscimol injections into RTN reduce breathing (Li et al., 2006; Takakura et al., 2013) and genetic deletion of RTN produces resting hypoventilation (Ramanantsoa et al., 2011) .
Unlike other approaches, the Arch method measures the instantaneous contribution of RTN neurons to breathing with minimal interference from homeostatic compensations (CBs, other CRCs). Our results show that RTN Phox2b-expressing neurons drive resting ventilation equally during non-REM sleep and quiet waking.
Congenital central hypoventilation syndrome is tentatively attributed to Phox2b mutations that abort RTN development 
RTN neurons encode pHa/PaCO 2
Without acetazolamide, ⌬f R and ⌬V T were correlated with both pHa and PaCO 2 . The pHa and PaCO 2 levels at which ⌬f R was 0 (7.53) or ⌬V T was independent of further reduction in PaCO 2 (32 mmHg) indicate when RTN neurons are silent ("recruitment threshold"). These values were very close to those measured in anesthetized rats by unit recording (Guyenet et al., 2005; present results) . Thus, pH and/or PaCO 2 are the principal determinants of RTN activity under hypoxic, normoxic, or hyperoxic conditions in conscious resting rats. RTN Phox2b neurons are prominent CRC candidates because they are activated by hypercarbia in vivo and are intrinsically acid-sensitive, their activation increases breathing, and deletion of the acid-sensitive channel TASK-2 from these neurons greatly reduces both their pH sensitivity and the hypercapnic chemoreflex Wang et al., 2013b) .
The tight relationship between RTN neuron activity and arterial pH/PCO 2 is consistent with their CRC properties, but this pH sensitivity could also derive from surrounding astrocytes and input from other pH-responsive neurons (Deng et al., 2007; Williams et al., 2007; Dias et al., 2009; Huckstepp et al., 2010; Corcoran et al., 2013; Iceman et al., 2013; .
RTN neurons: first putative CRCs demonstrably silenced by hypocapnic hypoxia
The hypothesis that hypoxia inhibits CRCs via respiratory alkalosis is long-standing (Gesell et al., 1940 ). Yet, we show here the first example of putative CRCs inhibited by hypocapnic hypoxia. The key evidence is that RTN photoinhibition no longer inhibited f R during hypoxia unless the plasma was reacidified with CO 2 or acetazolamide (Peña and García, 2006; Bell and Haouzi, 2010) . Importantly, the difference between hypoxia and normoxia was Figure 12 . Summary and interpretations. During eupnea (regular involuntary breathing as during non-REM sleep and quiet wake), breathing rate and amplitude are generated by a network of pontomedullary structures called the respiratory pattern generator (RPG). Under normoxia, eupneic breathing is activated by inputs (green arrows) from RTN and from the CBs. The CB pathway relays in the nucleus of the solitary tract (NTS). The CBs activate breathing via RTN and independently of RTN. RTN neurons are subject to several feedback regulations (pink lines). At rest, the most powerful regulation of RPG operates via CO 2 /pH. Alkalization caused by hyperventilation withdraws the direct and astrocyte-dependent excitatory effect of acid on RTN neurons. Alkalization may also reduce excitatory inputs to RTN from other CNS acid-activated neurons and activate inhibitory inputs from unidentified acid-inhibited CNS neurons. Additional feedback (pink lines) originates from lung stretch receptors (not illustrated) and the RPG (illustrated) and may protect the lungs against hyperinflation. During hypocapnic hypoxia, the CBs are highly active, drive the RPG vigorously, which increases breathing and lowers PaCO 2 and arterial [H ϩ ]. The increased ventilation further activates the inhibitory feedback to RTN (solid pink lines) causing these cells to become silent. The chemical feedback (via alkalization of RTN) is the most powerful and causes RTN neurons to become silent under hypoxia despite increased excitatory input from the CBs. During hyperoxia, the CBs are inactive, but CNS [H ϩ ] and PCO 2 increase because ventilation is reduced (in rats only) and because hyperoxia reduces cerebral blood flow and facilitates CO 2 dumping from erythrocytes (Haldane effect). The resulting brain acidification activates RTN further; and because of the loss of the respiratory drive that originates from the CBs, RTN contributes a much larger portion of the respiratory drive than under normoxia. Green arrows indicate excitatory pathways or stimulatory effects. Dashed lines indicate weak inputs. Solid lines of increasing thickness indicate stronger input. Pink arrows indicate inhibitory pathways or feedback (intensity also coded with dashes and lines of increasing thickness). Pale green circles or boxes represent moderately active cell groups. Dark green represents high activity. Pink represents inactivity (as in CBs during hyperoxia).
